We discuss the possible existence of a spin singlet, charge ±2 resonance (ψ-mode) in cuprate superconductors, associated to the SU(2) symmetry relating the d-wave superconducting singlet pairing channel to d-wave charge channel. We show that the ψ boson forms a bonding state below the 2∆ threshold of the particle-hole continuum where ∆ is the maximum d-wave gap. Within a generalized random phase approximation and ladder approximation study, we find that this mode has energies similar to the resonance observed by Inelastic Neutron Scattering (INS) below the superconducting (SC) coherent peak at 2∆ in various SC cuprates compounds. We show that it is a very good candidate for the resonance observed in Raman scattering below the 2∆ peak in the A 1g symmetry. The SU(2) ψ-boson sitting in the S = 0 channel, it may be observable via Raman, X -ray or Electron Energy Loss Spectroscopy probes.
After more than twenty five years of intense scrutiny, our understanding of the physics of cuprate superconductors is still quite poor. The debate is still ongoing about whether those compounds are fundamentally doped Mott insulators admitting a Coulomb energy repulsion of 1eV which is crucial to explain the emergence of superconductivity (see e.g [1] [2] [3] ), or whether an itinerant electron picture with strong Anti-Ferromagnetic (AF) fluctuations is a good approximation to explain the main features of the phase diagram (e.g. [4] [5] [6] ). A consensus exists in the recognition that three main players are present in the phase diagram : d-wave superconductivity, AF order and fluctuations, and Mott insulator transition. Recently, the situation has been re-considered in the light of new experimental developments [7] [8] [9] [10] [11] [12] [13] [14] , and a fourth player, Charge Density Wave (CDW), has emerged as an essential feature for the understanding of the phase diagram of the superconducting (SC) cuprates compounds.
An original idea in particular stipulates that the charge and singlet SC pairing sectors are almost degenerate. This degeneracy is not accidental and a SU (2) symmetry is relating the two components [15] [16] [17] [18] [19] . SU(2) rotations have already been introduced for example in strong coupling approaches of the t-J models [1, 20] . Here, they relate the d-wave singlet SC pairing sector to d-wave bond order -also called Quadrupolar Density Wave (QDW) -rather than to the orbital currents like π-flux phase. In this work, SU(2) symmetry relating d-wave SC pairing to the QDW sector is considered as a good candidate for the Pseudo-Gap (PG) phase of the cuprates observed below T * , the PG phase critical temperature [21, 22] .
Former models based on emergent symmetries have been studied to explain the PG phase of cuprates compounds like the SO(5) theory. In this approach, d-wave superconductivity is considered to be energetically very close to the AF order, so that SO(5) symmetry enables to rotate from SC to AF [23] . The authors of this proposals suggested that the neutron resonance observed by INS at 41meV in YBCO and at similar energies in other compounds [24] [25] [26] is a π-mode (spin 1, charge ±2) describing the collective excitations associated to the SO(5) symmetry. This triplet mode is identified to be a bonding state situated below the 2∆-threshold of the particlehole continuum [27] . This result was contested in a series of following studies, which showed that if the π-mode exists, it is more likely to be a bonding state situated at higher energies above the two-holes continuum of states [28] . The resonance observed by INS experiments is thus likely to be a spin triplet exciton that is a spin-spin response resonance, which emerges due to an attractive residual spin interaction in the system (see also Ref. [29] ).
Moreover, a resonance very similar to the Neutron resonance has been observed in Raman A 1g channel for a long time [30] [31] [32] [33] [34] . In YBCO this very intense resonance is located at 41 meV at optimal doping, and follows the INS triplet peak with nickel and zinc substitutions [35, 36] . For some time the A 1g peak has been attributed to the 2∆ SC pairing gap, but later considerations showed that long range Coulomb screening washes out the single particle pair-breaking contribution to the Raman response in the A 1g channel leaving its position and intensity essentially unexplained [37] [38] [39] [40] . This peak is not seen in the B 1g symmetry, which is scanning the anti-nodal region of the Fermi surface, nor in the B 2g channel, which is scanning the nodal region. In the B 1g channel, a SC coherence peak is observed at higher energy than the A 1g resonance. Its energy matches well twice the maximum of the d-wave SC gap 2∆ 0 observed in other spectroscopies.
The present work aims at providing an explanation for all these observed features through the consideration of what would be the analogous of the π-collective mode of the SO(5) symmetry, for the case of the emergent SU(2) symmetry. We find that this collective mode is situated in the spin zero charge 2 sector and is thus a ψ-mode of the system. We argue that the A 1g Raman resonance is actually the signature of the SU(2) symmetry relating the charge and pairing channels. Within a model of itinerant electrons interacting through an effective AF spin-spin coupling, we find that the ψ-resonance forms a bond state situated below the 2∆ 0 -threshold, in a very similar way to the triplet spin exciton revealed by neutron scattering. The energies of the A 1g and the neutron resonances are similar and follow each other. The ψ-mode is obtained at q = 0, contrasting with the typical Q = (π, π) location of the spin triplet exciton.
To proceed, we consider a system of itinerant fermions interacting through an effective AF spin-spin coupling close to vector Q derived from spin-fermion approach [16] .
The Hamiltonian writes H = ∑ i, j,σ t i j c † iσ c jσ + ∑ i, j (J i j S i · S j +V n i n j ) where n i = ∑ σ c † iσ c iσ and S i = ∑ αβ c † iα σ α,β c iβ are the density and spin operators respectively with σ αβ the Pauli matrix vector. i j denotes summation over nearest neighbors and t i j is the hopping parameter. J i j is the nearest neighbor super exchange coupling and V the n. n. Coulomb term. Long-range Coulomb effects will be considered later while discussing the Raman response. We will neglect them for the study of the collective mode. Involving the Fourier transform c i,
where N is the total number of lattice sites, the Hamiltonian writes:
where c
p,α is the annihilation (creation) operator of an electron with spin α and impulsion p, ξ k the electronic dispersion written as [41] ξ k = −2t(cos(k x a) + cos(k y a)) + 4t cos(k x a)cos(k y a) + t 0 (cos(k x a) − cos(k y a)) 2 where t = −0.3t and t 0 = 0.084t with a the cell parameter set to unity and µ the chemical potential determined to adjust the hole doping. J q = − J 2 (cos(q x a) + cos(q y a)) is the Fourier transform of J i j developed around Q, while V q = V 2 (cos(q x a) + cos(q y a)) denotes the amplitude of the nearestneighbour Coulomb interaction for small values of q.
We compare two types of collective modes : the INS spin exciton from the spin triplet excitation at wave vector Q associated to the proximity to the AF order writes
The collective mode associated to the SU(2) symmetry between the d-wave charge and pairing sectors have charge 2, spin zero, is fully symmetric, is defined for small q vectors (q ≈ 0) and upon action of it, the SC state transforms into the QDW sector. It writes
where 2p F is the Fermi impulsion associated to the impulsion k which close to the Fermi surface transforms as Fig 1 a) and the ψ-mode susceptibility derived from Bethe-Salpeter ladder approximation with χ ψ = −iθ (t) ψ (t) , ψ † (0) shown in Fig  1 b ) and c). These two modes decouple the interaction Eqn. (1) in the following manner :
where χ 0 S(ψ) is the bare polarization bubble for the spin (ψ) mode (see figure 1 a) ), χ λ ψ,γγ is the first term of the diagram series for ψ-mode (see figure 1 b) ) and γ is the Raman vertex in the λ symmetry. The magnitude of the interactions are J ψ = 3J −V in the ψ-mode and J S = 2J in the spin channel.
In the following, we consider the model of Ref. [16, 42] and treat the PG phase as a composite order parameter with SC and QDW (Peierls) components related by a SU(2) symmetry. In principle, we have to solve the self-consistent equations to determine ∆(k, ω) and ∆ QDW (k, ω). For simplicity, we assume a simpler momentum and frequency dependence of the SC pair-
is the maximum of the d-wave QDW (SC) order and f (ω, X) = e − ω 2 2σ 2 with a variance σ = X/1.177 ensuring a half width at half maximum equals to X. These relations reproduce phenomenologically the momentum and frequency dependence calculated in the limit of a large paramagnon mass (for detail, see [42] ).
The bare polarizations function are calculated from the re- lations [43, 44] with details given in Appendix,
where ε(ω) is a fermionic (bosonic) Matsubara frequency and T the temperature.Ĝ is the Green function matrix deduced from the effective spin fermion Hamiltonian of reference [42] and given in the appendix. The susceptibility χ ψ,γγ is the first term of the Bethe-Salpether ladder diagram series in figure 1 b) and writes :
where ν is a bosonic Matsubara frequency and γ k the Raman vertex for polarisation λ .
is the Green function describing the QDW quasiparticle coupling an electron with impulsion k + 2p F with a hole of impulsion k. G ∆ = c † k,σ c † −k,−σ is the anomalous superconducting Green function (see Supplemental Material and Ref. [42] for details). The momentum sum is done over the momentum in the first Brillouin zone after doing the summation over internal Matsubara frequencies and doing the analytical continuation iω ≡ ω + iη in the energy denominators. A small broadening is introduced by the parameter η and can be understood as a residual scattering. In the following, the results are presented at T=0K. The susceptibility χ ψ,γγ is proportional to ∆ QDW (k, ω) and ∆(k, ω). Consequently, the ψ-mode disappears in the normal phase and its frequency dependence is dominated by the smallest parameter.
The bare polarization in Fig.2 in the spin and ψ channels are presented on the for 2∆ 0 = 60 meV and 2∆ 0 QDW = 35 meV . The bare spin functions χ 0 S develops a flat quasi-particle gap in the superconducting phase and follows the bare polarisation in the Fermi liquid state as seen in Fig.2 a) and c) . The presence of a threshold in Imχ at the frequency ω ≈ 60 meV allows the emergence of a resonance of the collective response below the gap.
The ψ-mode couples an electron with momentum k − 2p F to a counter propagating electron with momentum −k. Consequently, the bare polarization χ 0 ψ has an opposite sign as in the spin channel in both Fermi liquid and superconducting state (see Fig.2 b) and d) ). We clearly see a resonance occurring around ω ≈ 60 meV . This resonance corresponds to the average energy of the quasiparticles in the system and plays the role of the resonance at ω = 2∆ in conventional superconductors. Note that a particle-hole continuum develops at low frequency in χ 0 ψ contrary to the flat quasiparticle continuum in χ 0 S . The reason is that χ 0 ψ is evaluated at small momentum q = 0 which favors the tendency for damping at low energy. We now argue that the SU(2) collective mode is seen in the A 1g channel by Raman scattering. The study of the Raman susceptibility requires a careful examination of the symmetries of the system. These symmetries are taken into account by considering vertices in the photon-matter interaction different from unity (see Fig. 1 b) and c) ). Three symmetries are typically considered for the Raman vertices in the cuprate superconductors which write within the effective mass approximation
where A 1g probes the whole Brillouin zone, B 1g the antinodal zone and B 2g the nodal zone. In presence of the ψ collective mode, the full Raman susceptibility writes in the symmetry λ :
where χ 0 γ λ γ λ is the bare Raman response (Fig. 1 c) ), χ λ coul the Coulomb screening (Fig. 1 c) ) and χ λ ψ the ψ-mode response (Fig. 1 b) and c) ).
Since Coulomb screening is weak in the superconducting state, long-range Coulomb interaction U ∼ 1/q 2 plays an important role in totally screening the SC gap structure in the A 1g channel. In the limit q → 0, the "Coulomb screened" susceptibility reads χ The Raman susceptibility of the ψ-mode vanishes in the B 1g and B 2g channels due to the odd symmetry of the vertices as well as the Coulomb screening which implies that in these channels, the full Raman susceptibility is given by the bare one : χ λ Raman ≈ χ 0 γ λ γ λ with λ = B 1g (B 2g ). The imaginary parts of the neutron spin susceptibility (spin response) and the A 1g Raman ψ-mode susceptibility (Raman response) are presented in (a) and (b) panels of Fig. 3 for optimal doping (p=0.16) . The theoretical curves are obtained for J = 125 meV and V = 255 meV . The value of V is adjusted to fit the Raman resonance in A 1g symmetry at the same frequency than the Neutron resonance at optimal doping. Note that the value of V decreases with the value of η. For this set of parameters (J = 0 and ∆ 0 > ∆ 0 QDW ), the calculated spin response exhibits a sharp peak at ω = 335cm −1 at the same energy than the energy of the calculated A 1g Raman resonance. Note that the energy dependence of the QDW order ∆ QDW cuts the SC coherence peak at 2∆ 0 ∼ (510 cm −1 (63 meV ) in the A 1g channel but leaves the B 1g channel unaffected (see panel (c)). Fig.3 (b) and (c) show a qualitative agreement between the peak energies in the A 1g and B 1g calculated Raman spectra (red curves) and the experimental Raman spectra obtained from Bi2212 single crystals (black curves) [45] and see Supplemental Material.
In the over-doped regime (p=0.23), the AF interaction goes down (J ≈ 0) and both SC and QDW order parameter weakens because of the decreasing of T c and T . We choose J = 1 meV and V = 0 meV . For these parameters the calculated spin and Raman responses exhibit a triplet spin exciton and a resonance but at different energies (190 and 240 cm −1 respectively) ((see Fig.3 (d) and (e)). The perfect energy matching between Neutron and Raman resonances is thus only verified close to optimal doping level. The theoretical Raman response capture well the energies of both the B 1g SC coherence peak 2∆ 0 and the A 1g resonance detected in the experimental spectra shown in fig.3 -(e) and (f).
The ψ collective mode response coincides with the SC gap edge 2∆ 0 calculated (seen in (Fig. 3-(f) ) while the spin response is situated a bit above edge and is thus less visible.
In under-doped regime, the energy of the ψ mode resonance stabilizes with decreasing doping as both the magnitude of QDW and J increase. This is to be contrasted with the position of the INS resonance energy which decreases when doping decreases. This absence of scaling between the neutron and Raman resonances in the under-doped regime seems to be consistent with the few available Raman data [46, 47] . Note that the amplitude of the mode also slightly increases with the under doping (see Fig.3 (a) ) (dashed curve). Nevertheless, the presence of another charge order like CDW may disturb the states in the materials and affect the collective mode.
To conclude, we propose a coherent scenario to explain the resonance peak in the A 1g symmetry seen in cuprates. This scenario is based on the existence of a SU(2) symmetry relating d-wave singlet SC pairing and charge orders in the PG phase of the cuprates. We believe that a strong sig- wave number (cm nature of the SU(2) symmetry can be found in the existence of the collective ψ-mode transforming the singlet d-wave SC state in singlet d-wave charge order QDW. This mode produces a response in Raman scattering spectroscopy solely in the A 1g symmetry and matches the spin triplet resonance at q = Q =(π, π) at optimal doping. Since the ψ-mode is a charged two spin zero collective mode other probes like Electron Energy Loss Spectroscopy and Resonant X-Ray techniques are also likely to show the resonance.
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